We present here our computational study of the experimentally elusive cyclisation step in the cofactor pyridoxal 5'-phosphate (PLP)-dependent D-ornithine 4,5-aminomutase (OAM)-catalysed reaction. Using both model systems and a combined QM/MM approach, our calculations suggest that regulation of the cyclic radical intermediate is achieved through the synergy of the intrinsic catalytic power of cofactor PLP and the active site of the enzyme. The captodative effect of PLP is balanced by an enzyme active site that controls the deprotonation of both the pyridine nitrogen (N1) and the Schiff base nitrogen (N2). Furthermore, electrostatic interactions between the terminal carboxylate and amine groups of the substrate and Arg297 and Glu81 impose substantial "strain" energy on the orientation of the cyclic intermediate in order to control its trajectory. In addition the "strain" energy, which appears to be sensitive to both the number of carbon atoms in the substrate/analogue and the position of the radical intermediates, may play a key role in controlling the transition of the enzyme from the closed to the open state. Our results provide new insights into several aspects of the radical mechanism in aminomutase catalysis and broaden our understanding of cofactor PLP-dependent reactions.
Introduction
Nature employs a range of cofactors to assist challenging chemical transformations in enzymes. The molecular machineries of cofactors in action are fascinating and have long intrigued enzymologists and chemists alike. Pyridoxal 5'-phosphate (PLP), the metabolically active form of Vitamin B 6 , serves as cofactor in a wide variety of enzyme-catalysed reactions along the nitrogen metabolism pathway.
[1] Specifically, PLP acts as an "electron sink" to modulate intermediate formations in transamination, [2] decarboxylation, [3] racemisation [4] and elimination [5] reactions. These PLP-dependent enzymes are of great importance to biochemical, medicinal and biotechnological applications as they catalyse a broad range of biochemical reactions involving amino acid substrates.
In contrast to the PLP-dependent decarboxylation and transamination reactions which involve a carbanionic intermediate, PLP facilitates the repositioning of an amino group via a radical-based mechanism in ornithine 4, 5-aminomutase (OAM), [6] 2,3-lysine aminomutase (2,3-LAM) [7] and 5,6-lysine aminomutase (5,6-LAM). [8] In addition to PLP, OAM and 5,6-LAM also utilise nature's radical repository -adenosylcobalamin (AdoCbl, Vitamin B 12 ) [9] to form radical intermediates to overcome the barrier of breaking the chemically inert C-H and C-N bond. The proposed catalytic cycle of OAM [10] ( Figure 1 ) starts with the substrate binding, triggering the homolytic rupture of the Co-C bond to generate cob(II)alamine and the transient 5′-deoxyadenosyl radical (Ado-CH 2 •), which subsequently abstracts a hydrogen from the PLP-bound substrate. This results in a PLP-bound substrate radical (CYC-1) that isomerises to form a PLP-bound product radical (CYC+1) via a cyclic aziridinylcarbinyl intermediate (CYC) . Re-abstraction of the hydrogen from the 5′-deoxyadenosine (Ado-CH 3 ) by CYC+1 produces Ado-CH 2 •, which recombines with cob(II)alamin to regenerate the AdoCbl Co-C bond.
By using a variety of computational approaches, we demonstrated recently how OAM employs a large-scale protein domain conformational change to reorientate its Rossmann domain from an open and catalytically inactive state to a closed and catalytically active state to control the generation of the transient 5′-deoxyadenosyl radical. [11] However, the roles that PLP and the enzyme environment play to control the stability of CYC in OAM have not been fully understood. This is largely due to the difficulty of tracking the electron paramagnetic resonance (EPR) spectroscopic signals concerning CYC during steady-state turnover with OAM's natural substrate.
[6c] Early quantum mechanical (QM) calculations on small model systems by Radom and co-workers [8h, 10b, 12] indicated that PLP controls the relative stability of CYC through the captodative effect -the synergistic effect of the electron donating ability of the Schiff base nitrogen N2 (by its lone pair electrons) and the electron withdrawing ability of the pyridine ring (enhanced by protonation of the pyridine nitrogen N1). The captodative effect of PLP can be modulated by controlling the protonation states of N1 (via the intermolecular hydrogen bond, O1-H1 … N1) and the intramolecular hydrogen bond involving N2 (O2-H2 … N2) ( Figure 2 ). The hydrogen bond O2-H2 … N2 between the phenolic oxygen and the imine nitrogen of PLP was shown to be crucial in preventing overstabilisation of CYC.
While the theoretical studies by Radom et al have provided insights into the intrinsic nature of PLP in mediating the radical intermediates, it did not take consideration of the effect of enzymes. PLP is embedded within a hydrogen bonding network in the active site of OAM, [6d] 2,3-LAM [13] and 5,6-LAM.
[8b] Despite a number of experimental mutagenesis studies, [6e, 8e] the role of active site residues in controlling the reactivity and specificity of the radical rearrangement has not been fully understood. In the present study, we use computational studies of OAM to address a number of aspects of the radical mechanism in aminomutase catalysis.
First, the specific protonation state of the pyridine N1 and the imine N2 of PLP are critical to catalysis. [3b, 14] NMR experiments of PLP analogues with carboxylic acids as the hydrogen donor in O1-H1 … N1 showed that a proton shift from O1 to N1 in O1-H1 … N1 drives the tautomeric equilibrium in O2-H2 … N2 from the neutral to the zwitterionic form. [15] This indicates that the reactivity of the Schiff base intermediates can be tuned by differentiating the protonation state of N1. One notable difference in OAM compared to most other PLP-dependent enzymes is that N1 does not interact with the carboxylate side chain of Asp or Glu in the active site; rather it interacts with the hydroxyl group of a serine, which seemingly prohibits the protonation of N1. In addition, His225 is within hydrogen bond distance to the phenolic oxygen (O2) in the active site. Mutating it into Gln and Ala respectively lead to only 3-and 10-fold reduction in catalytic turnover without altering to a great extent the stability of the radical intermediates.
[6e] We have studied whether, and how, the O1-H1 … N1 and O2-H2 … N2 hydrogen bonds modulate the radical rearrangement in OAM.
Second, highly reactive radical intermediates need to be tightly regulated by the enzymes to prevent side reactions. Both experimental and computational studies have demonstrated that the homolytic rupture of the Co-C bond in B 12 -dependent enzymes and the trajectory of the newly generated Ado-CH 2 • are exquisitely controlled by the enzymes to ensure optimal geometry for the subsequent hydrogen (H•) abstraction from the substrate. [16] The interactions between the active site and the PLP-bound substrate in OAM may well play a similar role in controlling not only the energetics of CYC but also its specific orientation. Control of the geometry of the radical intermediates by the active site of OAM is studied.
Third, in OAM, the binding of its substrate D-ornithine and the substrate analogue /inhibitor D-2,4-diaminobutryic acid (DABA) both induces rapid homolysis of the AdoCbl Co-C bond. However, cob(II)alamin is a short lived intermediate that does not accumulate to detectable levels during catalytic turnover with D-ornithine. In contrast, it can be stabilised with DABA binding with strong spin-coupling to a radical intermediate derived from the PLP-bound substrate at a distance of ~6 to 7 Å. Consequently, the binding of DABA leads to in-activation of OAM, which probably arises from overstabilisation of a PLP-bound radical intermediate, although the exact nature of this intermediate is not clear. [6c] Results from a recent EPR spectroscopic study [8a] further indicate that 5,6-LAM, with D-ornithine binding, is able to switch between the open and the closed state, while it remains in the closed state with DABA binding. It is intriguing how PLP and the enzyme active site differentiate the radical species derived from D-ornithine and DABA, considering that the difference between the two is only one methylene group.
In this study, we present our computational studies of the reaction energetics and mechanism associated with the hydrogen abstraction step and more interestingly the experimentally elusive cyclisation step in OAM. Both small gas phase model systems and larger ONIOM-type combined quantum mechanical/molecular mechanical (QM/MM) systems have been used to gain insight into why radical-based aminomutase catalysis requires PLP as a cofactor and how the enzyme environment may serve to facilitate these reactions.
Results and Discussion
Simple PLP models. To determine the effect of the protonation state/hydrogen bond of N2, three models have been constructed. The intramolecular hydrogen bond O2-H2 … N2 is in the neutral form in Model_1, in the zwitterionic form in Model_2, and in the neutral form but with H2 pointing away from O1 in Model_3 (Figure 2) . To study the effect of the protonation of N1, three corresponding models were constructed: Model_1(H + ), Model_2(H + ) and Model_3(H + ) (Figure 2 ). The energy and geometry features associated with CYC of the models are presented in Table 1 and Figure 3 and also in Figure S5 in the SI.
With the Schiff base N2 stabilised by the intramolecular hydrogen bond O2-H2 … N2 (Model_1), the barrier height for ring-closing is 14.9 kcal/mol and the relative energy of CYC lies 10.2 kcal/mol above CYC-1. The barrier height for ring-opening is 18.1 kcal/mol with the energy of reaction 4.0 kcal/mol (CYC+1), relative to CYC-1 (7.9 kcal/mol and -6.2 kcal/mol relative to CYC). In Model_2, the zwitterionic form of O2 … H2-N2 raises the barrier for ring-closing to 18.9 kcal/mol. However, upon formation of CYC, O2 … H2-N2 is optimised back to the neutral state during the potential energy scan to allow a path of lower potential energy to be followed. This is consistent with the radical nature of the intermediates, as deprotonation of N2 increases the ability of its lone pair to donate electron density to stabilise CYC. In Model_3, without the intramolecular hydrogen bond, the barrier height for ring-closing is lowered to 12.2 kcal/mol and the relative energy of CYC is also lowered to 3.6 kcal/mol. The barrier height for ring-opening is 18.2 kcal/mol, relative to CYC-1.
For Model_1(H + ), Model_2(H + ) and Model_3(H + ), protonation of the pyridine N1 gives rise to an enhanced electron-withdrawing ability of the PLP ring. This leads to a significant reduction of the barrier height of ring-closing (TS1) in all three models. The barrier height for ring-closing is reduced from 14.9 kcal/mol to 5.9 kcal/mol (Model_1 vs Model_1(H + )) and from 18.9 kcal/mol to 12.2 kcal/mol (Model_2 vs Model_2(H + )). In contrast to Model_2, the zwitterionic form of O2 … H2-N2 is maintained in CYC in Model_2(H + ). This is consistent with observation from the NMR studies of model PLP complexes that a proton shift from O1 to N1 drives the tautomeric equilibrium in O2-H2 … N2 from the neutral to the zwitterionic form. [15a] The barrier height for ring-closing is also significantly reduced (2.6 kcal/mol) in Model_3(H + ) and CYC lies in a deep energy well (-11.4 kcal/mol below CYC-1 and -17.6 kcal/mol below CYC+1).
Our results on the small model systems are in general agreement with the early computational studies by Radom and co-workers, [8h, 10b, 12e] in that the barrier and the relative stability of CYC can be controlled by the protonation states of N1 and N2 in PLP. The intramolecular hydrogen bond O2-H2 … N2 is crucial in preventing overstabilisation of CYC, as illustrated by Model_1 versus Model_3 and Model_1(H + ) versus Model_3(H + ). Furthermore, protonation on the pyridine N1 results in an enhanced charge delocalisation, stabilising the zwitterionic form of O2 … H2-N2 during cyclisation, as shown in Model_2 and Model_2(H + ). However, the protonated N2 is incompatible with the radical nature of CYC, leading to a higher barrier for ring-closing. Thus, our gas-phase simple model results support a protonated N1 and a deprotonated N2 within the O2-H2 … N2 hydrogen bond [i.e. Model_1(H + )] based on its overall energy profile ( Figure 3 ).
Extended PLP models.
To study the role of the active site residues Ser162 and His225 in controlling the protonation state of N1 and N2, we extended Model_1 to include a methanol molecule to mimic the sidechain of Ser162 and an imidazole ring to represent the sidechain of His225. An acetamide molecule is also included to mimic the hydrogen bond between Ser162 and Gln183 (Model_4, Figure 2 ). It is often thought that the phosphate group of PLP only contributes to PLP binding via hydrogen bonding with the active site residues but itself plays no direct role in the mechanism. [17] To investigate this, the phosphate group is incorporated into Model_5, and three water molecules are used to mimic the hydrogen bonds to the phosphate group within the active site.
In Model_4 and Model_5 the barrier heights for ring-closing and ring-opening and the relative energy of CYC exhibit no significant changes compared to the respective barriers in Model_1 (Table 1 and Figure 3 ). In Model_4, addition of the two hydrogen bonds surrounding N1 and N2 of PLP results in the barrier height of 13.5 kcal/mol for ring-closing and the barrier height of 17.0 kcal/mol for ring opening, merely 1.4 kcal/mol and 1.1 kcal/mol, respectively, below that of Model_1. In Model_5, addition of the phosphate group leads to a slight increase in the barrier for ring-closing (15.9 kcal/mol cf. 14.9 kcal/mol) and a small decrease in the barrier for ring-opening (17.6 kcal/mol cf. 18.1 kcal/mol) compared to Model_1. Overall, our studies indicate that the phosphate group of PLP has little impact on the energetics of the cyclisation step and the presence of the imidazole ring in the proximity of O2-H2 … N2 does not facilitate the deprotonation of O2-H2 to enhance formation of the N2-protonated zwitterionic form.
We further examined the energetics of proton transfer between O1 and N1 and between O2 and N2, respectively, using Model_4 ( Figure S6 in the SI). While transfer of the hydroxyl H1 from O1 to N1 is associated with an energy increase of ~24 kcal/mol with no clear barrier, the proton transfer from N2 to O2 has a low barrier of ~3 kcal/mol, with the neutral and the zwitterionic states almost in equilibrium. It has long been recognised that the tautomerisation between the N2-protonated Schiff base and the O2-protonated hydroxyimine in PLP is in a delicate equilibrium with rapid interconversion in the enzymes. There are two main factors that influence the equilibrium: the protonation state of the pyridine N1, and the substituent on the imino nitrogen of the Schiff base. [3b, 4b, 14a, 15b, 17-18] The protonated pyridine N1 and the carboxylate anion intermediate (as seen in majority of the PLP-dependent reactions) help stabilise the N2-protonated Schiff base. In the case of OAM, however, protonation of N1 via the active site serine is not favoured energetically. With N1 remaining neutral, a protonated N2 raises the barrier height of CYC formation and is incompatible with the radical nature of the intermediate.
On the other hand, Radom and co-workers observed previously that the energy requirement for radical arrangement in some B 12 -dependent enzymes can be reduced significantly with "partial" protonation (e.g. a hydrogen bond distance decrease of 0.05 Å [12e] ). In Model_4 and Model_5, the O1-H1 … N1 hydrogen bond distance is decreased by ~0.03 Å and the O2-H2 … N2 hydrogen bond distance is increased by ~0.05 Å in going from CYC-1 to CYC ( Figure S5 in the SI). Nonetheless, the change in hydrogen bond distances does not seem to affect the barrier heights. Our model studies therefore suggest that in OAM both N1 and N2 remain neutral and deprotonated during the cyclisation step.
Combined QM/MM calculations. We used two QM regions to study the effect of the protein surrounding (Figure 4 ). Our preliminary QM/MM calculations indicate that the electrostatic interactions between Arg297 and Glu81 and the terminal carboxylate group and amine group of the substrate is crucial in determining the energetics of the hydrogen abstraction ( Figure S3 in the SI). Thus, the QM region of QM/MM_1 includes the ribose of the AdoCbl, the PLP-bound substrate without the phosphate group and the side chains of three active site residues: Ser162, Arg297 and Glu81. QM/MM_1 is mainly used to study the energetics of the hydrogen abstraction, the formation of CYC and the hydrogen re-abstraction.
The QM region of QM/MM_2 contains the full PLP-bound substrate, including the phosphate group and active site residues Arg109, Ser114, Tyr160, Ser162, Tyr187 and Arg192. Tyr160 and Tyr187 stack above and below the pyridine ring of PLP, forming π-π interactions, whilst the side chains of Arg109, Ser114 and Arg192 form hydrogen bonds with the phosphate group of PLP. QM/MM_2 is mainly used to study the inter-and intra-molecular hydrogen bonds O1-H1 … N1 and O2-H2 … N2.
The relaxed potential energy scans were first carried out with the mechanical embedding (ME) scheme. Since the ME scheme does not take into consideration the polarisation of the MM region into the QM Hamiltonian, additional single-point calculations were performed using the electronic embedding (EE) scheme, based on the ME-optimised geometry. We also performed relaxed potential energy scan using EE-optimisation for the hydrogen abstraction, cyclisation and the hydrogen re-abstraction for the PLP-bound substrate. The EE-single point calculations with the ME geometry (labelled as ME_EE) give energetics in close agreement with those from the full EE-optimisation (Table 1 and Figure S4 in the SI), and hence are used as the basis for most of the discussion.
Hydrogen abstraction from the PLP-bound substrate. The hydrogen abstraction step was studied using QM/MM_1 ME_EE ( Figure 4 ). The barrier height of hydrogen abstraction from the PLP-bound substrate is 15.5 kcal/mol and the energy of reaction is -2.5 kcal/mol ( Figure  5A ). The initial distance stands at 2.67 Å between the transferred hydrogen and Ado-CH 2 • ( Figure 6A ). The distance between the donor carbon and acceptor carbon was compressed to 2.75 Å at the transition state with the transferred hydrogen placed equally distanced between the donor and acceptor. Upon transfer, the donor and acceptor move further apart to 3.66 Å. The hydrogen abstraction produces CYC-1 with spin localised at C4 ( Figure S7 in the SI).
Ring-closing (CYC-1 to CYC).
In CYC-1, the distance between C4 and N2 is 2.48 Å (QM/MM_1 ME_EE , Figure 8 ). Perhaps surprisingly, formation of CYC in the enzyme requires 19.3 kcal/mol, 4.4 kcal/mol higher than that in Model_1 (Figure 7) . CYC lies 16.5 kcal/mol above CYC-1, 6.3 kcal/mol higher than that in Model_1. It is noteworthy that other than the energetics, the orientation of the cyclic ring in CYC is also significantly different in the enzyme compared to the gas phase ( Figure 9 ). The dihedral angle of C0-C1-N2-C4, which indicates the tilting of the ring, is 111.6° in the gas phase and 132.6° in QM/MM_1 ME ( Figure  9A and Table S1 in the SI).
Decomposition of the total QM/MM energy reveals that the rise in both the barrier height and the energy of reaction is predominantly the consequence of an increase in the QM energy with only a small MM energy contribution (Figure 8(A) ). We note that the MM energy here only accounts for part of the total protein effect, since Arg298 and Glu81, which form electrostatic interactions with the terminal carboxylate and amine groups of the substrate, are included in the QM region. To estimate the extent of their electrostatic effect, the "strain" energy of the PLP-bound substrate in CYC-1 and CYC is evaluated. This is carried out by comparing the energy of the PLP-bound substrate in its geometry in the enzyme and its energy optimised in the gas phase ( Figure 9 ). The difference in energy describes how much the PLP-bound substrate is geometrically distorted in CYC-1 and CYC in the enzyme. [11, 16a, 19] Although the energy term is usually called "strain" energy, it comprises predominantly the electrostatic effect in this case. The PLP-bound substrate in CYC-1 is subject to 20.6 kcal/mol of "strain" energy, whilst it is increased to 29.3 kcal/mol in CYC. It appears that the active site imposes increased electrostatic "strain" on the orientation of the PLP-bound substrate in going from CYC-1 to CYC, resulting in a higher barrier for CYC formation.
The effect of intermolecular hydrogen bond O1-H1
… N1 on ring-closing. Within the hydrogen bonding networks between the PLP-bound substrate and the active site, a key interaction is between Ser162 and the pyridine N1. The energetics of proton transfer between the hydroxyl group of Ser162 and N1 is associated with an energy increase of 29.4 kcal/mol with no transition state in QM/MM_2 ME_EE ( Figure S6 ). Therefore, protonation of N1 in PLP would not seem feasible in the enzyme.
In most PLP-dependent enzymes, the pyridine N1 is assumed to be protonated because it is hydrogen bonded to an active site Glu or Asp and the hydrogen exchange between their carboxylate side chain to N1 is rapid and energetically facile. [3b, 15a] Other than OAM in which the pyridine N1 is hydrogen bonded to the polar serine residue, N1 from the PLP-dependent alanine racemase is also unprotonated, accepting a hydrogen bond from the side chain of an arginine residue. [20] Previous computational studies of alanine racemase revealed that the protonation of N1 by mutating the arginine to glutamic acid may enhance the stability of the carboxylate anion intermediate and increase the likelihood of side reactions.
[18e] In addition to OAM, the pyridine N1 in 5,6-LAM is also hydrogen bonded to a serine residue, while N1 in 2,3-LAM is hydrogen bonded to a water molecule in its crystal structure. It may be beneficial for this class of radical-based aminomutase to maintain a deprotonated N1, thus increases specificity of the reaction path.
The effect of intramolecular hydrogen bond O2-H2
… N2 on ring-closing. The proton transfer between the phenolic O2 and imine N2 in the enzyme occurs with a moderate barrier of ~4.0 kcal/mol and the neutral form and the zwitterionic form in equilibrium in QM/MM_2 ME_EE ( Figure S6 ). However, with the imine N2 protonated, the barrier height for the subsequent ring-closing step is increased from 24.6 kcal/mol in QM/MM_2 ME_EE to 32.9 kcal/mol in QM/MM_2* ME_EE (Table 1 and Figure 7 ). In addition, similar to what is observed in Model_2, during the relaxed potential energy scan, proton H2 is transferred back to the phenolic O2 to return N2 to the neutral state after formation of TS1. Consistent with results from the gas phase, our QM/MM calculations rule out the possibility of N2 being protonated prior to the cyclisation step and confirm that the intramolecular O2-H2 … N2 hydrogen bond remains neutral.
Ring opening (CYC to CYC+1). The barrier height for ring-opening (relative to CYC) is 13.0 kcal/mol in QM/MM_1 ME_EE (Table 1 and Figure 7 ), 5.1 kcal/mol higher than the energy required in Model_1. The total QM energy at TS2 is decomposed into 11.3 kcal/mol of the QM energy and 1.7 kcal/mol of the MM energy. As discussed previously, the tilt of the cyclic ring is different in the enzyme than in the gas phase. In CYC+1, the structural difference between the enzyme and gas phase model is more pronounced (Figure 9 and Table S1 in the SI)). The dihedral angle of C1-N2-C4-C3 is 96.6° in the gas phase (Model_1) and is decreased to 58.5° in the enzyme (QM/MM_1), which defines the position of the newly generated CH 2 radical, poised to re-abstract the hydrogen from AdoCH 3 . Taken together with results from ring-closing, our calculations indicate that the barriers for ring-closing and opening are both lower in the gas phase, but the gas phase orientation of CYC is incompatible with the subsequent H re-abstraction required in the active site of OAM. The enzyme active site has to tightly control the orientation of CYC to create optimal H re-abstraction geometry, albeit at the cost of increased energy barriers.
Hydrogen re-abstraction. The hydrogen re-abstraction takes place with a barrier height of 12.8 kcal/mol and energy of reaction of -1.2 kcal/mol (both given relative to CYC+1) in QM/MM_1
ME_EE . This brings the energy profile of the hydrogen abstraction, the cyclisation and the hydrogen re-abstraction endothermic by 15.5 kcal/mol (Figure 10 ). In the QM/MM approach used, only protein atoms within 15Å of the reaction centre are free to move. It has been hypothesised that the electrostatic interactions between Arg297 and Glu81 and the substrate may trigger the transition from the closed form to the open form in 5,6-LAM (see the next section for further discussion). If this were also the case in OAM, our potential energy based QM/MM approach may prevent incorporating the effect of larger scale protein conformational change into the cyclisation and hydrogen re-abstraction steps, thus giving an endothermic reaction profile.
Comparison with the substrate analogue DABA. Several possible radical states have been proposed for 4,5-OAM [6c] and 5,6-LAM [8a] to explain the mechanism of over-stabilisation of the radical intermediates following reaction with the substrate analogue DABA. We replaced the substrate ornithine in QM/MM_1 with DABA (labelled as QM/MM_DABA ME_EE ) to examine the hydrogen abstraction geometry. In the optimised structure, hydrogen abstraction from either C3 or C4 of the PLP-bound DABA seems feasible with an acceptor Ado-CH 2 • -H distance of 2.92 Å and 2.72 Å, respectively ( Figure 6 ). Our calculations indicate that abstraction of the hydrogen from C3 occurs with a barrier height of 12.6 kcal/mol and brings the system into a -18.8 kcal/mol energy well ( Figure 5 ). The resulting C3 radical is stabilised through spin delocalisation with the adjacent imine and pyridine ring ( Figure S7 in the SI).
We have also investigated the energetics of the alternative hydrogen abstraction from C4 of the PLP-bound DABA. The barrier height is calculated to be 13.0 kcal/mol with the energy of reaction -5.1 kcal/mol ( Figure 5) . A tautomer of the C4-radical formed by transfer of a proton from C3 to C1 [8a] can further lower the energy of the radical to -11.1 kcal/mol ( Figure 10 and Figure S8 in the SI). Thus, both the C3-radical and the tautomer of the C4-radical derived from the PLP-bound DABA are thermodynamically more stable than CYC-1 of the PLP-bound substrate (-2.5 kcal/mol). However, the calculated hyperfine coupling constants of the C3-radical are in better agreement with the experimental ENDOR data from 5,6-LAM with DABA (Table 2) , which is consistent with the recent EPR study of 5,6-LAM, proposing the overstabilised C3 radical as the cause to inactivate the enzyme.
[8a]
The EPR study of 5,6-LAM
[8a] also demonstrates that regardless of the radical position, analogues with an odd-number of carbon atoms (e.g. D-ornithine) could trigger transition from the closed state to the open state, whereas with analogues with an evennumber of carbon atoms (e.g. DABA) the enzyme remains in the closed state. The authors postulate [8a] that the conformation of the carbon atom that connects to the terminal carboxylate group and amine groups of the substrate and substrate analogues may affect transition between the closed and open states. Our calculations demonstrate that the enzyme environment imposes increased "strain" energy on the C4 radical (22.2 kcal/mol) and the C3 radical (29.6 kcal/mol) derived from the PLP-bound DABA, compared to CYC-1 of the PLPbound substrate (20.6 kcal/mol) . Comparison between the "strained" conformation in the enzyme and the "relaxed" conformation in the gas phase ( Figure 9 ) shows that the "strain" effect of the active site is reinforced by the electrostatic interactions between DABA's terminal carboxylate group and the side chain of Arg297 and between its terminal amine group and the carboxylate side chain of Glu81 (Figure 6 ). Optimising the conformation of CYC-1 formed within the enzyme in the gas phase (removing the "strain" energy) results in the terminal carboxylate and amine groups of the substrate flipping anti-clockwise by ~60° while those of DABA (the C4 radical) clockwise by ~60° ( Figure 9A and 9B) . The conformation change of the C3 radical from DABA is even greater than the C4-based radicals ( Figure 9C) . Therefore, the electrostatic interactions between the terminal carboxylate and amine groups of the substrate and substrate analogues and the active site (Arg297 and Glu81) appear to be sensitive to the number of carbon atoms in the substrate/analogue and also the position of the radical intermediates. Together with the hypothesis proposed by Ke et al, [8a] our calculations highlight the role of the electrostatic effect at the terminal region of the substrate and substrate analogues in triggering the transition from the closed form to the open form of the enzyme.
Conclusion
In OAM, regulation of CYC is achieved through the synergistic combination of the intrinsic catalytic power of cofactor PLP and the enzyme active site. First, the captodative effect of PLP is balanced through deprotonation of both N1 and N2, which reduces electron withdrawal by the pyridine ring (compared to the N1-protonated state) and enhances electron donation by the imine N2. The deprotonated N1 serves to raise the energy barriers for ringclosing, preventing possible side reactions, while the deprotonated N2 is compatible with the radical nature of the intermediate.
Second, our calculations indicate that the dihedral angles of C0-C1-N2-C4 and C1-N2-C4-C3, which define the tilting of the cyclic ring in CYC and the position of CH 2 • in CYC+1, are different in the gas phase and in the enzyme. The barrier for CYC formation is lower in the gas phase, but the gas phase orientation is not compatible with the subsequent hydrogen re-abstraction in the enzyme. The role of the active site is therefore to constrain the orientation, thus controlling the trajectory of CYC to CYC+1 through electrostatic interaction with the active site Arg291 and Glu81, which creates the optimal geometry for the subsequent hydrogen re-abstraction. Consequently, the barrier height of ring-closing is increased by 4.4 kcal/mol. Third, studies of the hydrogen abstraction step between Ado-CH 2 • and the substrate ornithine and substrate analogue DABA, respectively, clarify the inactivation mechanisms associated with the analogue. Both C3-and C4-radical derived from the PLP-bound DABA are thermodynamically more stable. However, the EPR-detected inactivation radical species should be the C3 radical, based on the agreement between the calculated hyperfine coupling constants of C3 radical and the experimental ENDOR parameters from 5,6-LAM.
Finally, our calculations demonstrate substantial "strain" energy arising from the electrostatic interactions between the terminal carboxylate and amine groups of the substrate and substrate analogue and the sidechains of Arg297 and Glu81. This "strain" effect may play a key part in differentiating radical species derived from the substrate and its analogues with different number of carbon atoms and consequently enable the transition between the closed state and the open state of the enzyme. In summary, our computational studies provide interesting new insights into the radical mechanism in aminomutase catalysis and more generally, broaden our understanding of cofactor PLP-dependent reactions.
Experimental Section
Gas phase model calculations. A total of eight model systems ( Figure 2) were set up to investigate the effect of the protonation states of N1 and N2 in PLP. The model systems were optimised, and then relaxed potential energy scans of ring-closing (CYC-1 to CYC) and ringopening (CYC to CYC+1) were performed at both B3LYP/6-31G* and B3LYP/6-311++G** levels using program Gaussian09. [21] Energetics obtained using the two basis sets exhibit no significant differences ( Figure S9 ). Therefore we used B3LYP/6-31G* to represent the QM level in the subsequent QM/MM calculations, which provides a balance between the accuracy of calculations and the computational efficiency, given the number of model studied. Proton transfer between N1 and O1 and between N2 and O2 in Model_4 and Model_5 were computed using the more elaborate basis set 6-311++G** for better description of the energetics of charge transfer. The minima and transition state on the potential energy surfaces were characterised by frequency calculations.
Setup of the enzyme structure. Details of the construction of the closed form of OAM and the set up of MD simulation -reported previously [11] -are provided in the SI. In brief, the starting structure was based on the crystal structure of OAM with AdoCbl and the PLP-bound ornithine (PDB accession code: 3KOZ) and the PLP-bound DABA (3KOX), in which OAM is crystallised in its so-called open (catalytically inactive) form. The putative closed (catalytically active) form was modelled by superimposing the backbone of Rossman and TIM barrel domains of OAM, respectively, onto their counterparts in the structure of the closely related glutamate mutase (1I9C). Care was taken to adjust the conformation of AdoCbl and active site residues to avoid steric clash. The ionisable residues were modelled in the protonation state corresponding to pH 7 obtained using programs H++ (version 3.0) [22] and PROPKA (version 3.0).
[23] The modelled structure of the closed form was then equilibrated with molecular dynamics simulations for 2 ns using the AMBER96 force field. [24] In our QM/MM study reported previously, [11] the QM region consisted of the corrin ring of the cobalamin, the imidazole of His618 and the Ado moiety while the MM region including residues within ~20 Å of the cobalt atom of AdoCbl. Residues within ~15 Å of the Co atom were free to move during the geometry optimisation while the rest was frozen to maintain the overall shape of the protein. The entire QM/MM system contains 8676 atoms for the closed form. The Co-C bond was gradually elongated to a separation distance of 3.8 Å during the QM/MM potential energy scan. This conformation was used as the starting point for the current QM/MM calculations. QM/MM calculations. In the current QM/MM calculations, to reduce the computational cost, the corrin ring of the cobalamin and the imidazole of His618 were moved from the QM region into the MM region. It should be noted that such a QM partition does not accommodate accurate inclusion of the kinetic coupling between the homolytic rupture of the Co-C bond and the hydrogen abstraction and the spin-spin coupling between Co(II) and the substrate/analogue radical intermediates. However, the separation distance between Co(II) and the substrate-derived radical in CYC-1 is ~7 Å (Figure S1 (B) and Table S3 in the SI), in good agreement with the EPR-estimated range of ~6-10 Å. [6c, 8a] The MM region comprised residues within ~20 Å of the cobalt atom of AdoCbl, with residues within ~15 Å of the Co atom free to move and the rest frozen during the geometry optimisation to maintain the shape of the protein scaffold. This partition of the "frozen" and "free" MM regions is illustrated in Figure S1 of the SI.
To study the hydrogen abstraction and the cyclisation step in the closed form of OAM, combined QM/MM relaxed potential energy scans were carried out with a two-layer ONIOM [25] scheme, as implemented in Gaussian09, with both the mechanical embedding (ME) and the electronic embedding (EE) scheme. The B3LYP functional and 6-31G* basis set and the AMBER96 force field were employed to represent the QM and the MM regions, respectively. The two QM regions comprised 87 and 97 atoms, respectively, incorporating the Ado moiety, the PLP-bound substrate and key active site residues (Figure 4 ). For each series of relaxed potential energy scan, an initial optimisation was performed without constraint on the reaction coordinate to locate a minimum on the reactant side. Then, a series of constrained optimisations were performed, one by one, with the reaction coordinate constrained to move to the product side. This is followed by an unconstrained optimisation to relax the system to a minimum on the product side to complete the scan. Thus, the starting structure (the PLP-bound D-ornithine or DABA) and the intermediates (CYC-1, CYC and CYC+1) are all subject to unconstrained QM/MM optimisation (aside from the potential constraints on the "frozen" MM region) and occupy minima on the potential energy profile. Due to the size of the systems (8676 atoms), we were not able to perform optimisation to locate transition states, nor were we able to perform frequency calculations to verify minima and transition states on the potential energy surfaces. Instead, the reaction coordinate is varied by a smaller step size in each optimisation near the top of potential barrier to locate the highest point. The EPR parameters of the deuterium at C1 of the PLP-bound DABA were computed at the B3LYP/6-311G(2d,p) level, which has been shown to be adequate in characterising PLP-bound radicals. [8a, 10b] The resulting hyperfine coupling constants displayed in Table 2 is the sum of the anisotropic component (T ij ) and the isotropic component (A iso ).
Figure 1:
The proposed reaction mechanism for the reaction catalysed by OAM with Dornithine as the substrate (adapted from references [6c] and [11] ). The intermediates associated with the cyclisation step are labelled as CYC-1, CYC and CYC+1. and (B) are from QM/MM_1 while (C) and (D) are from QM/MM_2. The superscripts "ME"
and "EE" indicate the application of ME scheme and EE scheme in geometry optimisation, respectively, while the superscript "ME_EE" indicates the energy from single point calculation with the EE scheme based on the ME-optimised geometry. QM/MM_2* corresponds to QM/MM_2 with the O2-H2 … N2 in the zwitterionic form. Figure 2 and 4 for the structure and definition of the systems). Numbers in the brackets are the energy of ring-opening (CYC-TS2-CYC+1) given relative to CYC. The superscripts "ME" and "EE" indicate the application of the mechanical embedding (ME) scheme and electronic embedding (EE) scheme in the optimisation, while the superscript "ME_EE" indicates the energy from single point calculation with the EE scheme based on the ME-optimised geometry. QM/MM_2* is QM/MM_2 with O2-H2 … N2 in the zwitterionic form. The energy is given in kcal/mol. during the potential energy scan to allow a path of lower potential energy to be followed. 
Radicals in a PLP-dependent reaction
The experimentally elusive hydrogen abstraction and cyclisation steps in the PLP-dependent, D-ornithine 4,5-aminomutase (OAM)-catalysed reaction is studied with a QM/MM approach. Substantial "strain" effect of the active site is imposed on the orientation of the cyclic intermediate in order to control its trajectory and may also play a key role in differentiating radical species derived from the substrate and its analogues. 
